In-situ optical detection of the passive oxide films on iron and titanium was reviewed. The optical techniques such as ellipsometry (i.e., reflection of polarized light), Raman spectroscopy, and potential modulation reflectance (PMR) have been successfully applied to the detection in thickness, composition, and semiconducting property, respectively, of the thin passive oxides under the in-situ condition. The growth mechanism of the passive oxide has been discussed from the precise measurement of thickness as a function of potential and time by a threeparameter ellipsometry. From the in-situ Raman spectra, the composition of the passive oxide has been estimated to be Fe 3 O 4 -γ-Fe 2 O 3 for iron and anatase TiO 2 for titanium. From PMR, the Mott-Schottky type plot could be drawn in the passive oxide on iron, which indicates that the formation of the space charge layer can be optically seen. From the PMR spectra, one has evaluated light-absorption edge that may correspond to a band-gap energy between the valence and conduction band.
Corrosion Protection and Passivation of Metals
Metallic materials are widely used for construction of infrastructure such as bridge, building, industrial plant etc. and transport machine such as automobile, ship, train, airplane etc. For using the metallic materials for a long period of time, suitable protection against corrosion has been required. When the structures are used in atmospheric environment that includes 21% oxygen and small amount of water vapor, they suffers considerable damage because of corrosion induced by the oxygen and water vapor. The water vapor adsorbs on the metal surface with contaminant such as dust, fine particle, and air-borne salt to provide liquid water layer. The water layer in which various compounds dissolve acts on the metal surface as an electrochemical reaction site in which corrosion reactions occur; an anodic oxidation reaction of the metal is coupled with a cathodic reduction reaction of oxygen dissolving into the water layer.
The structures are also often used in sea, lake, marsh, and moist soil.
Since the interface at metal surface/surrounding water also acts as a reaction site, the corrosion of the structures takes place similarly as in the atmospheric environment.
Since the metallic corrosion continues to develop in the atmospheric condition on the earth, we must introduce corrosionprotection treatment to maintain the structure for a long period. We have applied several techniques to the corrosion protection.
(i) Cathodic protection: The potential of the structural metal is shifted to the negative direction to lower the corrosion rate. (ii) Anodic protection or passivation: The potential of the metals is shifted to the positive direction in the passive potential region in which the corrosion rate is negligibly small. (iii) Inhibition of contact to the surrounding environment: The cover of paint or cement on the metals inhibits penetration of water and oxygen gas to stop the corrosion reaction. (iv) Formation of relative thick layer of corrosion products: Dense corrosion products with chemically inert property formed for a long period inhibits corrosion progress. Among them, the anodic protection or passivation is one of the simplest procedures, because it spontaneously occurs by the oxidant action of oxygen gas in air without any artificial treatment, if one selects or controls the metal composition. For example, iron or steel cannot maintain the passive state in neutral and acidic aqueous solution for a long period. The potential of iron or steel is gradually shifted to the negative direction to reach the active state region in which the corrosion progresses at a relatively high rate. When one alloys iron with chromium at concentration higher than 13 mass%, the passive state is maintained for a long time without shift to the potential in the active state. At present we classify the steel alloyed with Cr at the higher than 13 mass% into "stainless steel (SS)" that is spontaneously maintained in the passive state under the atmospheric condition without rusting. Pure metals of nickel and titanium as well as chromium possess the potential of spontaneous passivation.
Passive Oxide Films on Metal Surface
When the potential is shifted to the positive direction, the active state in which the metal electrode is anodically dissolved at a high rate changes to the passive state in which the dissolution becomes negligibly small. In the passive state, the surface of the metal does not appear different from the bare surface with naked eyes. The origin inducing the passivation had been surveyed since Faraday's finding in the 19th century. By an optical reflection method using polarized light (i.e., ellipsometry), Freundlich et al., 1 and Tronsdat and Borgmann 2 first found existence of a thin oxide film on the passivated metal surface. Since 1960, progress in electrochemical techniques, optical techniques, and electron spectroscopy has advanced the investigation of passive oxide on the composition, thickness, and properties. At present we have recognized that the thin oxide film on the metal in the passive state acts as a barrier against the ionic transfer from the metal to the aqueous solution and much inhibits the dissolution of the metal.
Growth Mechanism of Passive Oxide
The growth of the passive oxide was basically determined by the migration rate of ions in the passive oxide. In the oxide film thinner than 10 nm, the electric field induces the migration of ions. After Mott and Cabrera, 3,4 the current density (CD), i, of ion migration in the oxide was proposed to be enhanced by the high electric field in the oxide film as the following.
where dE/dx is the electric field in the oxide (E; potential and x; distance from the metal/oxide interface in the oxide), i 0 an ionic migration CD at zero electric field,¯the frequency factor, z a valence of mobile species, N L a density of mobile species, "G # a barrier height or an activation energy between the stable sites, and a an activation distance or a half-jump distance between the stable site and activated site. q, k, and T are elemental charge, Boltzmann constant and thermodynamic temperature, respectively.
If the electric field in the oxide is replaced to the average electric field of "E/d where "E and d are potential drop in the oxide and thickness of the oxide, respectively.
When the ionic migration CD is constant, thickness is directly proportional to the potential drop in the oxide. Since the potential drop in the oxide is assumed to be proportional to the potential applied from the outer circuit, the thickness is expected to be linearly increased with increase in potential applied. In order to quantitatively detect the thin film nanometer-order thick on solid surface, ellipsometry and reflectometry using visible light are powerful methods. Figure 1 illustrates two results on thickness of the passive oxide on iron electrode in pH 8.4 borate solution as a function of potential applied, E/V vs. Reversible Hydrogen Electrode at the same solution (RHE). In Fig. 1 CD taken after 1 h oxidation at individual potentials was plotted in logarithmic scale. The potential of E F = 0.58 V vs. RHE in Fig. 1 is the Flade potential (or passivation potential) measured in acidic solution. The thickness was quantitatively evaluated by a three-parameter (3-P) reflectometry 5 and 3-P ellipsometry 6 with 460 nm wavelength light. In the former, reflectance changes between the bare and oxidecovered iron electrode were measured by using three states of light polarization. 5 In the latter, the ellipsometric parameters of tan * (relative amplitude ratio of p-polarized light to s-polarized light) and " (phase retardation between p-and s-polarized light), and a reflectance change ("R/R 0 ) were measured. 6 Although the two thickness data in Fig. 1 are not coincident with each other, it is seen that the iron passive oxide linearly thickens with increase in potential under constant potential condition for 1 h. From the reflectometry and ellipsometry, the ratios of the thickness to potential are 2.63 and 1.99 nm V
¹1
, respectively. The anodic CD decays during the constant potential to about 0.05 µA cm ¹2 after 1 h, independent of the potential. [5] [6] [7] When one measures the change of thickness with time during potentiostatic oxidation, we can assume a constant value of "E in Eq. (6), which is rearranged to the following.
In Eq. (7) the reciprocal of thickness is proportional to ln(i). In Fig. 2 the reciprocal of thickness of the passive oxide on Fe-Nd-B magnet formed in the neutral borate solution at pH 8.4 by potentiostatic oxidation at potentials of 0.5, 0.7, 0.9, 1.1, 1.3, 1.5 and 1.7 V vs. RHE is plotted against CD in logarithmic scale as a function of the oxidation time. 8 The film thickness was continuously measured every 1 s by a rotating-analyzer-type automated ellispometry with 632.8 nm wavelength light. In The half-jump distance is seen to be a little larger than that expected for the iron oxide that is a main constitution of the oxide film. 8 If we assume that the oxide consists of composite oxide of iron and neodymium and is hydrated, the distance is acceptable.
We expect that the growth of the passive oxide on nickel and SS does not simply follow the above mechanism. We assume that the composition of the passive oxide on nickel and SS depends on the potential or oxidation period of time. For nickel, the nonstoichiometry x in the oxide of Ni 1¹x O is increased with increase in the potential. [9] [10] [11] For SS, the enrichment of Cr in the oxide gradually occurs without appreciable growth in thickness of the oxide with the increase of oxidation time at constant potential. 12 
Change in Property with Growth Rate of the Passive Oxide on Titanium
On the growing passive oxide film, the growth rate of the oxide film possibly influences its properties. We could detect by the in-situ 3-P ellipsometric measurement the change in the properties of the oxide on titanium with the growth rate. 13 Figure 3 shows CD-potential curves of titanium electrode in 0.1 M sulfuric acid solution during the potential sweep from 0.26 V to 4.26 V vs. RHE, following a potentiostatic oxidation at 0.26 V for 1000 s. 13 In Fig. 3 , the sweep rates were changed from 2 mV s ¹1 to 500 mV s ¹1 . The increase of CD is observed just after the start of the potential sweep, followed by a plateau on which the CD gradually decreases. In the plateau stage, the CD is almost linearly proportional to the sweep rate and assumed to correspond to the oxide-film growth CD. When the sweep rate is smaller than 20 mV s ¹1 , the increase of the CD is observed in the potentials higher than 3 V and the increase is due to overlapping of the CD of oxygen evolution reaction on the film-growth CD. We monitored the oxide growth during the sweep oxidation by the 3-P ellipsometry with 632.8 nm wavelength light at an incidence angle of 60.0 deg. The results are shown in Fig. 4 , in which the * vs. " loci were plotted during the oxide growth to 3.05 V during the potential sweep at various sweep rates. 13 With the growth of the oxide film, " is decreased from the initial value of " = 128. procedure we assumed that the nearly bare surface was emerged. Important is in Fig. 4 that the * vs. " loci do not agree with each other, but depend on the sweep rate. When the sweep rate is larger, the loci exhibit the steeper slope. The different loci indicate that the complex refractive index of the growing oxide film is not constant, but changes with the sweep rate. In Fig. 5 , the refractive index, n 2 , and thickness, d, of the oxide film taken at 3.05 V during the potential sweep are plotted as a function of the sweep rate. For the simulation of n 2 and d as well as k 2 (extinction index of complex refractive index, N 2 = n 2 ¹ ik 2 ), we used the change of *, ¦, and "R/R 0 , in which the "R/R 0 data are not given here. The k 2 values simulated are almost zero, indicating that the the oxide films are transparent for the light at 632.8 nm wavelength used in this study. The n 2 value decreases with increase in sweep rate from n 2 = 2.61 at 2 mV s ¹1 to 2.24 at 500 mV s
¹1
, whereas the thickness is increased by 1.57 times with the sweep rate from 4.92 nm at 2 mV s ¹1 to 7.71 nm at 500 mV s
. The changes of n 2 and thickness with the sweep rate were discussed in the aging of the passive oxide 14 as the following way. The oxide formation is assumed to start with the formation of hydrated oxide, TiO 2 ·xH 2 O or oxy-hydroxide compound of TiO 2¹x (OH) 2x .
The starting material of hydrated oxide gradually changes to the dehydrated TiO 2 , i.e., hydration number of x is decreased. 
Since the refractive index of the oxide is decreased with its density, which is decreased with increase in x, the smaller refractive index of the oxide film formed at the higher sweep rate indicates that the film is composed of the hydrated oxide with larger number of x. Due to the small density, the oxide film may thicken with the higher sweep rate. From the above discussion, we can infer the following mechanism; when the sweep rate is relatively large, the dehydration process 13 does not overtake the growth of the hydrated oxide 14 and thus the oxide film remains hydrated and maintains the larger thickness. Conversely, when the sweep rate is relatively small, the film may be approaching the dehydrated oxide.
Composition Estimation of the Passive Oxides by Raman Spectroscopy
The composition of the passive oxide film has been surveyed by various methods among which the electron spectroscopy such as X-ray photoelectron spectroscopy (XPS) 15, 16 and Auger electron spectroscopy (AES) 17, 18 have been often applied to the passive oxide film on the metals. Because the electron spectroscopy as well as the other modern analytical techniques is performed in a vacuum, we have doubts whether the oxide film maintains the feature same to that surrounded by aqueous solution in the presence of anodic bias. In-situ measurements are desired for the composition estimation as well as thickness measurement. Raman scattering spectroscopy is one of the promised methods for the in-situ analysis, while the sensitivity was assumed to be not enough to detect the thin oxide film with nanometer order. Further, when one measures the surface passive oxide, the Raman signal from the surrounding electrolyte solution obstructs the Raman signal from the thin passive oxide. To enhance the Raman sensitivity, the surface enhanced Raman scattering (SERS) has been applied to the detection of passive oxide by several authors. [19] [20] [21] We suppose that they have been not successful in the detection of the passive oxide by SERS, probably because Ag particles and plates for inducing SERS are oxidized in the passive region of the usual metals such as steels and iron, losing the SERS effect. Figure 6 shows the Raman spectra of the passive oxide formed on iron in neutral borate solution at pH 8.4 by constant potential for 1 h. 22 The thickness of the oxide was a range from 2 nm to 6 nm, as shown in Fig. 1 . The Raman spectra in Fig. 6 correspond to differential spectra in which the spectrum from the electrolyte solution is subtracted from that of the in-situ spectra from the passive oxide in the electrolyte. For the measurement, we adopted the collection system consisting of confocal optics and further made the system optimal to efficiently detect the Raman signals of the surface oxide and to exclude the signals of the electrolyte solution. 22 In the Raman spectra, one can see two broad peaks at about 670 cm ¹1 and 300 cm ¹1 and the peak intensity is slightly larger with the higher potential. The peaks were assigned to those of Fe 3 O 4 and C-Fe 2 O 3 .
22
The passive oxide on titanium could be detected slightly more easily, because it grows to the larger thickness than 10 nm. Figure 7 shows Raman spectra from the oxide film formed on titanium at various potentials for 1 h in 0.1 M H 2 SO 4 solution. 23, 24 The spectra are also differential ones in which the Raman spectrum of the solution is subtracted from the in-situ spectra of the titanium surface covered by the oxide. The four peaks are observed which are assigned to those of anatase type of TiO 2 . 25 At the potentials lower than 4.26 V vs. RHE, the Raman peaks could not be detected. The oxide films formed at lower potentials are assumed to be a hydrated and amorphous TiO 2 .
14,25
Semiconducting Property Estimated by Potential Modulation Reflectance
When AC potential (dE) is applied to the electrode system, the electric charge is modulated in the region around the electrode/ solution interface according to the modulation of the electric field induced by the AC potential. The modulation of charge (dQ) in the solid is accompanied by the modulation of electron concentration (dN e ). Because the optical property of the solid is a function of the concentration of electron, the dE causes a modulation of the reflectance, dR. 26, 27 When dE is restricted in an enough small magnitude, dR is approximated to a linear response. The harmonic ratio of dR to dE is called electroreflectance or potential modulation reflectance (PMR). Since the (dR/dE) is usually normalized by the average reflectance, R 0 ,
When the n-type semiconducting oxide electrode is placed under the reverse bias, the dielectric layer forms in which the ionic space charge is distributed and few carriers (i.e., free electrons) exist. When the AC potential is applied to the semiconducting oxide electrode, the width of the space charge layer was modulated and simultaneously the electron concentration was modulated at the Figure 6 . Raman spectra of passive oxide formed on iron by potentiostatic oxidation from 0.6 to 1.4 V vs. RHE in pH 8.4 borate solution. 22 The spectra plotted were differential spectra in which the spectrum of the electrolyte solution was subtracted from the in-situ spectra including those of both the thin passive oxide and the electrolyte solution. 23, 24 The spectra plotted were differential spectra in which the spectrum of the electrolyte solution was subtracted from the in-situ spectra including those of both the thin passive oxide and the electrolyte solution.
Electrochemistry, 84(11), 826-832 (2016) boundary between the space charge layer and the inner semiconducting part, thus causing the reflection modulation. The model is illustrated in Fig. 8 . 28, 29 The relation between the potential bias and the capacitance reciprocal of which corresponds to the width of the space charge layer can be described by the Mott-Schottky equation. For n-type semiconductor, the equation was described as the following.
where C is the space charge capacitance, N D is the donor density, ¾ is the dielectric constant, ¾ 0 is the vacuum permittivity and E FB is the flat-band potential. If the reflectance modulation is assumed to be proportional to the charge modulation,
the Mott-Schottky type equation should be established for PMR.
where K and KB are constant values. Figure 9 shows Mott-Schottky type plots of C ¹2 vs. E and [(dR/ dE)/R 0 ] ¹2 vs. E for iron covered by the passive oxide at 0.86 V vs. SSC (1.56 V vs. RHE) for 1 h in pH 8.4 borate solution. 32 The capacitance and the PMR were measured at frequency of 13 Hz and incidence angle of 60.0 degree by 460 nm wavelength light during the step-wise decrease of potential after the passivation. Both plots exhibit a linear slope at potentials from ¹0.2 V to 0.2 V vs. SSC. The E FB estimated from the intercept on potential axis in both plots agrees with each other; E FB = ¹0.30 V vs. SSC. The result indicates that the space charge layer can be optically detected.
When one uses the ellipsometry and PMR with various wavelengths of light, the spectroscopic properties of the passive oxides can be examined. 6, 29, 30 Figure 10 shows results of PMR of the passive oxide formed on iron at 1.14 V vs. RHE in pH 8.4 borate solution for 360 s, 1.2 ks, and 3.6 ks. The PMR signal increases with decrease in wavelength () from shorter than 510 nm. Since the PMR signals are assumed to be proportional to the light absorption, the photon energy 2.4 eV converted from the threshold wavelength at 510 nm may be a band gap energy of the semiconducting passive oxide on iron.
Heterogeneity of Passive Oxide by Ellipso-microscopy
In the above sections, it was assumed that the surface and oxide films were uniform and homogeneous. The practical metallic materials such as steel, titanium alloy, copper alloy etc. are, Figure 8 . Schematic model of the potential distribution, the formation of space charge layer, and modulation of reflected light by AC potential applied. The model was assumed for the n-type semiconducting oxide film. The heterogeneity of the passive oxides on iron and titanium was examined by micro-electrochemistry such as scanning photocurrent imaging, [31] [32] [33] scanning electrochemical microscopy [34] [35] [36] and microcapillary cell techniques. 37, 38 The ellipsometry has also been applied to survey on the microscopic heterogeneity of passive oxide films. Figure 11 shows the schematic view of ellipso-microscopy 39 in which the measurement was performed on the base of a manual nullmethod ellipsometry with an optical arrangement of polarizer (P)-phase compensator (C)-reflection sample surface (S) -analyzer (A). The light from the individual positions on the reflection surface was focused and imaged on the 3 M pixels CMOS camera. In the null method, C is fixed at the azimuth of ¹45 deg. and one seeks extinction state of reflected light intensity on the CMOS camera by manually controlling the azimuths of P and A. If the heterogeneity of the surface oxide in thickness and optical property emerges, the extinction state is not kept on the whole surface, but places having different thickness and optical property deviate from the extinction, slightly brightening. The place with the larger deviation exhibits the more brightness.
The heterogeneous growth of titanium passive oxide in 0.05 M sulfuric acid solution is shown in Fig. 12 in which the potential is increased at a sweep rate 5 mV s
¹1 from the open circuit potential (OCP) to 8 V vs. SSC. 39 During the potential sweep to the positive direction, the PCSA optical configuration was kept constant which was initially controlled in the extinction state at the OCP. When the oxide growth occurs with the potential increase, the brightness gradually increases. In Fig. 12(a) , the average intensity of reflected light was plotted for which the light intensities were averaged at all pixels on the CMOS camera. The average reflection intensity increases with increase in the potential, indicating gradual growth of the oxide film. However, brightness is not homogeneous and heterogeneity of brightness is larger at potentials higher than 2 V. It is seen that the difference of thickness and optical property among the sites is increased at the higher potential. The size of the individual sites can be seen to be several 10 µm diameter that may be an average diameter of the surface grain. The quantitative distribution in thickness and optical property is strongly dependent on crystallographic orientation of the substrate as well as the potential applied. 39 The oxide breakdown taking place the solution containing bromide ions 39 and photo-electrochemical degradation of oxide film on titanium 40 were also observed by using the in-situ ellipso-microscopy. It is very interested in evaluation of the surface heterogeneity under the in-situ condition and an instant initiation of breakdown on the passive oxide film can be detected in future. Figure 11 . Schematic diagram of the set-up of ellipso-microscopy. 39 (a) specimen, (b) counter electrode, (c) reference electrode, (d) electrolyte solution, (e) laser, (f ) beam splitter, (g) light intensity monitor, (h) depolarizer, (i) polarizer, P, (j) compensator, C, (k) analyzer, A, (l) CMOS camera, (m) macro-lens for ellipso-microscopy, (n) CMOS camera for specimen observation, (o) macro-lens for specimen observation, (p) potentiostat and function generator, (q) PC. The image of ellipso-microscopy on the camera from OCP to 8 V. The configuration of PSCA arrangement was fixed at an extinction state under the initial OCP condition. 39 Electrochemistry, 84(11), 826-832 (2016)
Conclusion
In-situ optical detection of the passive oxide films on iron and titanium was reviewed.
(1) The growth mechanism of the passive oxide has been discussed from the precise measurement of thickness as a function of potential and time by a three-parameter ellispometry. (2) From the in-situ Raman spectra, the composition of the passive oxide has been estimated to be Fe 3 O 4 -C-Fe 2 O 3 for iron and anatase type of TiO 2 for titanium. (3) From the potential modulation reflectance (PMR), the MottSchottky type plot could be drawn, which indicates that the space charge layer can be optically seen. From PMR spectra, one has evaluated light-absorption edge that may correspond to the band-gap energy. (4) The heterogeneity of the surface passive oxide can be detected by a micro-ellipsometry. The passive oxide on titanium exhibited larger heterogeneity with the higher potential or larger thickness.
